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METHOD FOR PRODUCING CATHODE MATERIAL FOR LITHIUM BATTER Y 
AND LITHIUM BATTERY 

Technical Md 

The present invention relates to a method for producing a cathode material for a 
hthiimi battery and to a Uthiimi battery (primary or secondary battery) using the 
cathode material as a constituent component. More specifically, the present invention 
relates to a method for producing a cathode material (FeP04) for primary and 
secondary batteries such as metal lithium battery, Hthiimi ion battery and lithiimi 
polymer battery using an alkali metal such as Hthivim or an aUoy or compound thereof 
as an anode active material and to a Ktlmmi primary or secondary battery using the 
cathode material produced by the method. 



Background Art 

Primary and secondary batteries such as lithium battery, Hthiimi ion battery and 
lithium poljmier battery using an alkali metal such as Hthiimi or an aUoy or compound 
thereof as an anode active material are attractiag attention in recent years because of 
their large capacities. The cathode material for use in such primary and secondary 
batteries is subjected to electrode oxidation/reduction accompanied by dopingAmdoping 
of ions of an alkaH metal such as Uthium during the process of charguig and 
discharging. As the cathode material, the ferric phosphate (FeP04) having a trigonal 
P321 crystalline structure is well-known in the prior art (Japanese Patent No.3 126007). 

Although Japanese Patent No. 3126007 discloses a method for obtaining ferric 
phosphate anhydride by heat treatment of ferric phosphate hydrate (FeP04 nH20), 
there in no description of the method for synthesizing ferric phosphate hydrate. 

An example in which a FeP04 cathode active material having a trigonal P321 
structure was synthesized fi:om NH4H2PO4 and Fe(NH4)2(S04)2 6H2O at a 
temperature of 650^C has been reported [P. P. Prosini et al, J. Electrochem. Soc., 140, 
A297 (2002)] has been reported. However, the material has as low a capacity as 40 
mAh/g. 

Conventionally, ferric phosphate hydrate as a calcination precursor is synthesized by, 
for example, mixing a solution containing a tervalent iron such as a solution of iron 
On) sulfate or ferric chloride (or a hydrate thereof with an alkahne compound 
containing phosphate ions such as disodium hydrogenphosphate, allowing the reaction 
mixture to stand under an elevated temperature, and filtering the precipitate. The 



1 



F-2023PCT 



ferric phosphate hydrate, however, is not suitable for a material of cathode for a 
secondary battery because nonvolatQe elements such as sodium ions tend to remain as 
impxuities. That is, in the synthesis method, it is necessary to remove sodiimx ions 
and so on from the calcination precursor by filtering. The process is cumbersome and 
may bring the entry of impurities. To complete the filtering and increase the purity of 
the calcination precursor, it is preferred to allow the crystals of ferric phosphate 
hydrate precipitate to grow untH they reach a large diameter (about 10 fan or greater). 
However, when ferric phosphate hydrate particles having a lai^e diameter are 
calcined, the resulting ferric phosphate particles have a lai^e diameter and have low 
activity as a cathode material. It is known that the performance of a cathode material 
is largely affected by the size, shape and specific sxrr&ce area of the particles thereof 
and impurities therein. 

It is, therefore, an object of the present invention to provide a method for producing a 
cathode material by which ferric phosphate suitable as a cathode material for lithium 
batteries such as Hthiimi primary and secondary batteries can be synthesized reliably 
and easily, and to provide a high-performance hthium battery primary or secondary 
battery) using the cathode material obtained by the method. 

Disclosure of the Invention 

In order to solve the above problem, the fiirst aspect of the present invention is a 
method for produdng a cathode material for a hthium battery, including the steps of 
mixing a compoxmd which releases phosphate ions in a solution with metal iron to 
cause dissolution and reaction of the metal iron, and calcining the reaction mixture to 
synthesize ferric phosphate. 

According to the method for producing a cathode material for a lithium battery, a 
cathode material (that is, ferric phosphate as a cathode active material) can be 
synthesized from stoichiometric amounts of ingredients reliably and easily. Also, the 
reaction of "a compound which releases phosphate ions in a solution" with metal iron 
can be carried out in an aqueous solution and is thus easy to handle. Fiulher, siace 
the iron of the cathode material, unlike that of an ohvine-type (Pnma crystal structure) 
hthium iron (TO phosphate known as another cathode material, is oxidized to Fe+3 by 
calcination, the calcination can be carried out in the presence of air. Thus, the 
calcination process requires no special conditions such as a reducing atmosphere of 
hydrogen and is thus easy to carry out. 

The second aspect of the present invention is a method for producing a cathode 
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material for a lithium battery, iaduding the steps of reacting a compound which 
releases phosphate ions in a solution with metal iron while grinding the mixture in an 
aqueous solution, and calcining the reaction mixture to synthesize ferric phosphate. 

According to the method for producing a cathode material for a lithium battery, 
ferric phosphate as a cathode material (cathode active material) can be synthesized 
from ingredients at a stoichiometric ratio rehably and easily. Also, the reaction of "a 
compoxmd which releases phosphate ions in a solution" with metal iron can be carried 
out in an aqueous solution and is thus easy to handle. In addition, since the 
ingredient mixture is ground during the reaction, the reaction can be accelerated. 

Further, since iron of the cathode material of the present invention, mJike that of an 
olivine-type lithiimi ironCU) phosphate known as another cathode material, is oxidized 
to Fe+3 by calcination, the calcination can be carried out in the presence of air. Thus, 
the calcination process requires no special condition such as a reducing atmosphere of 
hydrogen and is thus easy to carry out. 

The third aspect of the present invention is the method for producing a cathode 
material for a hthium battery according to the i5rst or second aspect, in which the 
compoxmd which releases phosphate ions in a solution is phosphoric add, phosphorous 
pentoxide, or ammoniimi dihydrogenphosphate. 

According to the method for producing a cathode material for a lithivmi battery, 
there can be obtained the eflfect, in addition to the effect of the first or second aspect, 
that impimties can be removed by the calcination process since no nonvolatile element 
such as sodium is contained in the ingredients, and ferric phosphate almost free of 
impiuities can be igoithesized from a stoichiometric mixture of the ingredients. Thus, 
the ferric phosphate produced by the method can be suitably used as a cathode 
material for a hthiimi battery. Also, the ingredients, which are primary materials or 
materials of the kind of phosphoric add and iron, are relatively inexpensive, easily 
available in hi^ pxmty form and easy to handle, and thus suitable for large-scale 
production. 

The fourth aspect of the present invention is a method for producing a cathode 
material for a hthium battery, induding the steps of adding a conductive carbon to the 
cathode material produced by a method according to any one of the fiii-st to third 
aspects, and pulverizing and mixing the mixture. According to the fourth aspect, 
since the ferric phosphate partides as a cathode material are coated and combined 
with carbon, the hthium battery using the cathode material can be provided with an 
improved discharge capadly and higher performance. 
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The fifth aspect of the present invention is a Hthiiun battery using a cathode 
material produced by the method according to any one of the first to fourth aspects as a 
constituent component. The Hthium battery using the cathode material produced by 
the method of the present invention exhibits high perfoimance since the cathode 
material has excellent electrochemical properties. 

Brief Description of Drawings 

FIG. 1 is a graph showing the result of X-ray difficaction analysis of a cathode 
material obtained in Example i; 

FIG. 2 is a graph showing the charge/discharge characteristics of a secondary battery 
obtained in Example i; 

FIG. 3 is a graph shoAving the charge/discharge characteristics of the secondary 
battery obtained in Example i; 

FIG. 4 is a graph showing the charge/discharge characteristics of the secondary 
battery obtained in Example l; 

FIG. 5 is a graph showing the result of X-ray diffi:action analysis of a cathode 
material obtained in Ebcample 2; 

FIG. 6 is a graph showing the result of X-ray diffiraction analysis of a cathode 
material obtained in Example 3; 

FIG. 7 is a graph showing the result of X-ray dififraction analysis of cathode 
materials calcined at different temperatures in Example 4; 

FIG. 8 is a graph showing the charge/discharge characteristics of secondary batteries 
using the cathode materials calcined at different temperature in Example 4; 

FIG. 9 is a graph showing the charge/discharge characteristics of a secondary battery 
obtained in Example 5; and 

FIG. 10 is a graph diowing the resvdt of X-ray diffiraction analysis of a cathode 
material obtained in Example 6. 

Best Mode for Carrying Out the Invention 

The method for producing a cathode material for a hthium battery of the present 
invention is practiced by reacting a compound which releases phosphate ions in a 
solution with metal iron in an aqueous solution while grinding the mixture and 
calcining the reaction product. 

<Cathode Material> 

The cathode material obtained by the method of the present invention is ferric 
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phosphate represented by the general formula FeP04. Ferric phosphate, which can 
be sjmthesized by reacting ingredients and calcining the reaction product in the 
presence of air (in an oxidizing atmosphere), has a trigonal crystal structiure with point 
group P321 and can be used as a cathode material for a lithium battery which can be 
repeatedly charged and discharged by insertion and e?dxaction of negative metal ions 
such as Kthivon ions. 

The ingredients of ferric phosphate as the cathode material of the present invention 
are a compound which releases phosphate ions in a solution and metal iron. The 
amounts of the ingredients are preferably adjusted according to the stoichiometric 
ratio so that the mole ratio of P and Fe can be 1-1. 

Examples of the compound which releases phosphate ions in a solution include but 
are not specifically limited to phosphoric acid (H3PO4), phosphorous pentoxide (P2O5), 
ammoniimi dihydrogenphosphate (NH4H2PO4), and diammonimn hydrogenphosphate 
[(NH4)2HP04l. Among these, phosphoric acid, phosphorous pentoxide, ammonitun 
dihydrogenphosphate are preferred since the iron is preferably kept under relatively 
strong acidic conditions during the process of dissolving. 

When phosphoric acid is used as the ingredient, since phosphoric add is usually 
available in the form of aqueous solution, it is preferred to measure the phosphoric add 
concentration (pvuity) precisely by titration or the Kke before use. The metal iron is 
preferably in the form of fine partides (with a diameter of 200 ^m or smaller, 
preferably 150 ixxn or smaller, more preferably 100 ^m or smaller) so that the reaction 
can be accelerated. 

In the present invention, ferric phosphate as a cathode material for a Kthirnn battery 
can be easily obtained from a primary material such as metal iron or the like as 
described above. Also, since the ingredients contain no nonvolatile element such as 
sodiimi, impurities can be completely removed only by calcination without 
cumbersome processes such as filtering, and ferric phosphate almost fi:ee of impurities 
can be synthesized. 

The reaction of the "compound which releases phosphate ions in a solution" with 
metal iron can be carried out by, for example, adding metal iron to an aqueous solution 
of the "compound which releases phosphate ions in a solution" that water is added as 
appropriate. In the reaction, it is necessary to fuUy dissolve the metal iron. In order 
to dissolve the metal iron, grinding and/or heating (refluxing or the like), for example, 
may be performed. 

That is, the process of reacting the "compoimd whidi releases phosphate ions in a 
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solution" with metal iron is preferably carried out by fully mixing and grinding the 
mixture of ingredients in an automatic grinding machine, ball mill or beads mill and/or 
heating the mixture of the ingredients by means of reflux or the hke. 

By grinding the mixture of ingredients, a shear force is applied to the metal iron and 
the surfaces thereof are renewed, accelerating the reaction. Hydrogen generated 
during the grinding process is preferably removed as appropriate. After the 
completion of the reaction, when the reaction product is dried, fine particles of ferric 
phosphate hydrate (with a diameter of about 1 pm or smaller) can be obtained. When 
the fine partides of ferric phosphate hydrate are calcined, fine particles of a ferric 
phosphate cathode material with hi^ activity can be obtained. To complete the 
reaction more fuUy, the reaction product may be irradiated with ultrasonic waves. 
During the grinding process, when the generation of hydrogen in the initial stage 
decreases and the reaction is decelerated, the reaction is preferably carried out in the 
presence of air or in an oxidizing atmosphere containing oxygen to expel hydrogen. 

Also, when the reactants are heated, the dissolving reaction of the metal iron is 
accelerated and the yield of the cathode material can be improved. Heating by 
refluxing or the like is preferably carried out in air to promote oxidation of the iron. 
Refluxing is considered to be suitable for lai^e-scale production since there is no need 
for a mechanical pulverizing process, which is relatively difficult to perform in a large 
scale. 

When the reaction is carried out in the presence of a reaction accelerator, e.g. a 
volatile oxidizing agent such as hydrogen peroxide, 05Q?^gen, halogen such as bronaine or 
chlorine, oxidized halogen such as bleaching powder or hypochloroias add, or a volatile 
add such as oxahc add or hydrochloric add, the reaction of the compound which 
releases phosphate ions in a solution with metal iron may be accelerated and 
completed in a short period of time. However, when oxygen or oxidizing agent is 
added, since there is a danger of ignition, it is preferred to take precautions against 
explosion and control the vapor phase composition so that the concentration of it can be 
kept lower than the explosion hmit. 

The addition of an oxidizing agent has the effect of converting generated bivalent 
iron ions to tervalent iron ions as weU as allows the metal iron to react with the 
compound which releases phosphate ions in a solution and to dissolve (usually, as 
bivalent iron ions), so that no bivalent iron can remain in the ferric phosphate cathode 
material produced by the calcination process after that. An addic reaction accelerator 
such as hydrochloric add or oxalic add has the effect of accelerating the hydrogen 
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generating dissolving reaction of iron. Addition of a volatile reaction accelerator 
which is both oxidative and acidic such as nitric acid is also effective. Since the 
oxidizing agent and reaction accelerator are removed by the calcination process, there 
is no possibility that they can remain in the cathode material. 

By calcination of the reaction product of the compoxmd which releases phosphate 
ions in a solution and metal iron, ferric phosphate as the cathode material is produced. 
The calculation is carried out in a calcination process at temperatures ranging from 
100 to 900®C as generally employed imder calcination conditions of suitable 
temperature range and treatment time. The calcination is preferably carried out in 
an oxidizing atmosphere containing oxygen such as air to promote oxidation of iron. 

The calcination carried out by, for example, a one-stage calcination process including 
the steps of raising the temperature from room temperature to the calcination 
completion temperature (for example, about 100 to OOO^^C, preferably about 500 to 
700°C from the viewpoint of removing water in the cathode material, more preferably 
about GSO^'C) and keeping the temperature. 

When the calcination is carried out at a low temperature of about 100 to SOO^'C (this 
process wiQ be hereinafter referred to as 'low temperature caldnation'O, most of the 
ferric phosphate is in an amorphous state. When the calcination is carried out at a 
high temperature of about 600 to OOO^'C (this process wiU be hereinafter referred to as 
*Tiigh-temperature caldnation'O, most of the ferric phosphate has a crystal structure 
with point group P321. When the calcination is carried out at a temperature in the 
range of 500 to GOO^'C (this process will be hereinafter referred to as 
"intermediate-temperature calcination"), in which transformation from the amorphous 
phase to the crystal structvire with point group P321 occin-s, the proportion of 
amorphous phase decreases and ferric phosphate having a crystal structure with point 
group P321 gradually increases as the calcination temperature is higher, and the crystal 
structure with point group P321 becomes dominant when the calcination temperature is 
higher than 600°C as described above. 

When the electrochemical characteristics of the amorphous ferric phosphate 
obtained by low-temperature calcination, ferric phosphate having the crystal structure 
with point group P321 obtained by high-temperature calcinations, and ferric phosphate 
in which amorphous phase and the crystal structure with point group P321 coexist 
obtained by intermediate-temperature calcination are compared, aU of them exhibit 
relatively good discharge characteristics as described in Example 4 described later. 
The ferric phosphate obtained by low* or intermediate-temperature calcination shows 
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a discharge curve which is sLmilar to that of the ferric phosphate obtained by 
high-temperature calculation although amorphous phase exists in them. This 
suggests that the local fine structure of the ferric phosphates is similar to the crystal 
structure with point group P321. 

Thus, in the present invention, any of the low, intermediate-, and 
high-temperature calcination can be selected, or the calcination temperature can be set 
in a low-intermediate temperature range (lOO to 60CfC, for example) or an 
intermediate-high temperature range (500 to 900''C, for example) depending on the 
ferric phosphate to be obtained. When the ferric phosphate is used in a non-aqueous 
electrolyte battery such as a Kthiimi battery, since the cathode material preferably 
does not contain residual water, high'temperature calcination is preferred &om the 
viewpoint of removing water completely. 

The calcination is not limited to the one-stage calcination. The calcination may be 
carried out in two stages, that is, a calcination step in a lower temperature range 
generally, in a range of room temperature to 300 through 400*^0; which may be 
hereinafter referred to as "prehminaiy calcination") and a calcination step in a higher 
temperature range (generally, in a range of room temperature to the calcination 
completion temperature (about 500 to SOO^'C, preferably about 500 to TOO^^C, more 
preferably about 650''C); which may be hereinafter referred to as "final calcination"). 
In such a case, it is preferred that the reaction product of a compound which releases 
phosphate ions in a solution and metal iron is prehminarily calcined in the preliminary 
calcination step to obtain a calcination precursor and the calcination precursor is kept 
in the above temperature range for about 5 to 24 hours in the final calcination step. 
The reaction product may be dried and/or pulverized as needed prior to the 
preliminary calcination, and the calcination precursor may be pulverized and/or 
groimd prior to the final calcination. The one-stage calcination and the process 
including the preliminary and final calcination may be both referred simply to as 
"calcination." 

As has been described above, according to the method of the present invention, there 
is no need for a cumbersome filtering process in the synthesis of the calcination 
precursor (ferric phosphate hydrate). Also, there is no possibility of impurities 
remaining after the calcination, and a cathode material almost free of impurities can 
be sjoithesized reliably. In addition, the ingredients, which are primary materials or 
materials of the kind, are easy to handle and inexpensive and thus suitable for 
large-scale production. 
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When conductive carbon is added to the cathode material obtained as described 
above and the mixture is mixed and ground for 12 to 36 hours in, for example, a ball 
mill, a carbon composite cathode material including cathode material partides coated 
with carbon can be obtained. One example of the conductive carbon is carbon black 
such as acetylene black. 

When combiaed with carbon, the FeP04 cathode material has significantly improved 
in discharge capacity as compared with the FeP04 cathode material not combined with 
carbon as shown in Example 5 described later. That is, the combination with carbon 
improves the siuface conductivity of the FeP04 cathode material as a cathode active 
material and significantly enhances the utilization ratio of the positive active material. 
Thus, the combination with carbon is effective to improve the performance of a Utfaium 
battery using FeP04 as a cathode active material when carried out appropriately. 
<Lithium Battery> 

Examples of the hthium battery using the cathode material according to the present 
invention obtained as described above include secondary batteries such as metal 
hthiimi battery, lithium ion battery and Uthiimi pol5nmer battery. The hthium battery 
of the present invention can be used as a primary battery which is only discharged. 

The basic structure of a Hthivun battery will be described taking a metal Kthiimi 
battery using metal hthium as the anode material as an example. A hthium metal 
battery is a secondary battery characterized in that hthium ions move back and forth 
between the cathode and anode during charge and discharge by dissolution into the 
electrolyte and deposition on the anode of metal hthiimi. 

As the anode material, a compound containing hthium ia the initial state and having 
a central element in a reduced form such as hthiimi containing alloys such as 
hthixmi-aliuninum alloys, Hthiirni titaniimi composite oxides (e.g., Li[Li4/3Ti5/304]), and 
hthivun transit metal composite nitride (e.g., Ii7MnN4, LaaFeNa, etc.) as well as metal 
hthium as used in metal hthiimi batteries can be used. 

As the electrolyte, a hquid electrolytes prepared by dissolving an electrolyte 
substance such as LlPFg, LlBF4, LiC104, liCFaSOa, LiN(CF3S02)2, or IiC(CF3S02)3 in 
a mixed solvent of a cychc organic solvent such as ethylene carbonate, propylene 
carbonate, butylene carbonate or y butyrolactone and a chain organic solvent such as 
dimethyl carbonate, ethyl methyl carbonate, diethyl carbonate or dimethoxyethane; a 
gel polymer electrolyte in which a hquid electrolyte as above and a polsmieric gel 
substance such as polyethylene oxide, polypropylene oxide, polyacrylonitrile or 
polyvinyhdene fluoride coexist; or a crosshnked polymer electrolyte prepared by 
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chemical crossliiildiig of a gel polymer electrolyte as above can be used. When the 
anode material is metal hthiimi, the use of a gel polymer electrolyte or crosshnked 
polymer electrol5i:e which can suppress the growth of dendrite which is deposited 
dxmng charge is preferred When a liquid electrolyte is used, the cathode and the 
anode are iasulated from each other by iaterposiag therebetween a separator made of 
a polyolefin such as polyethylene or polypropylene to prevent short-drcuiting between 
them. 

The cathode and anode are respectively prepared by adding a conductivity imparting 
agent, such as carbon black, in such an amoimt that the effects of the cathode and 
anode are not impaired and a binder such as a fluorine-type polymer, e.g., 
polytetrafluoroethylene or pols^vinylidene fluoride; polyimide or polyolefin to the 
cathode or anode material, mixing and kneading the mixture with a polar oi^anic 
Hquid as needed, and forming the kneaded mixture into a sheet. Then, current 
collection is conducted using a metal foil or metal screen to construct a battery. When 
metal Kthiimi is used for the anode, transitions between Li(0) and li^ take place upon 
charging and discharging, and a battery is thereby formed. 

The secondary battery of the present invention produced by the above method can 
exhibits high performance since the cathode material has excellent electrochemical 
properties. Especially, when the cathode material is used in a metal Hthiimi battery 
using metal hthiimi for the anode, the battery exhibits good battery performance. 

Although the following Examples will fiurtlier described the present invention in 
more detail, the present invention shall not be limited by these Examples, 

Example 1 

(l) Preparation of cathode material 

A cathode material (FePOd was synthesized by the following procedure. 

An ingredient mixture of 6 g of iron powder (product of Wako Pure Chemical 
Industries, Ltd.; under 150 ^m, purity- 85% or higher), 12.385g of phosphoric add 
(product of Wako Pure Chemical Industries, Ltd; 85% aqueous solution) and 50 cc of 
water were mixed and groxmd in a ball null (at a rotational speed of 200 rpm) for one 
day, and the reaction mixture was dried at 95^C for one day to obtain a calcination 
precursor. After pulverization, the caldnation precursor was placed in an alumina 
crucible and caldned at temperatures between 550 to 775°C imder the presence of air 
for 8 hours. A cathode material obtained by calcination at 650''C was identified as 
single-phase ferric phosphate (FeP04) having a trigonal crystal structure with point 
group P321 based on the result of Xray diffraction analysis shown in FIG. 1. 
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Dififraction peaks ascribable to impurities were not observed. 

(2) Fabrication of secondary battery and its charge/dischai^e characteristics 
The cathode material, acetylene black as a conductivity imparting agent rT)enka 
Black" (registered trademark)?' product of Denki Kagaku Kogyo KJL, 50% pressed 
product], and PTFE (polytetrafluoroethylene) as a binder were prepared at a weight 
ratio of 70-25'5. The cathode material and acetylene black were mixed and groxmd in 
a ball mill (at a rotational speed of 200 ipm) for one day, and then mixed and kneaded 
with the FITE. The resulting mixture was formed into a sheet with a thickness of 0.7 
mm, and the sheet was pimched out into disks with a diameter of 1,0 cm (area of 
0.7854 cm2) to form a pellet as a cathode. 

A metal titanium screen and a metal nickel screen were joined as cathode and anode 
current collectors, respectively, to a coin-type battery case made of stainless steel 
(CR2032) by spot welding. The cathode and a metal lithium anode were assembled in 
the battery case with a porous polyethylene separator (Celgard 3501, a product of 
Celgard KK.) therebetween. The battery case was filled with a suitable amount of 1 
M solution of liPFe in a 1-1 mixed solvent of dimethyl carbonate and ethylene 
carbonate as an electrolyte solution, and then sealed to fabricate a coin-type lithium 
secondary battery. All the assembling process was performed in a dried argon-purged 
glove box. 

The secondary battery in which the cathode material was incorporated was 
repeatedly charged and dischai^ed at a current densities of 0.127mA/cm2 and 0.5 
mA/cm2 per apparent area of the cathode pellet in an operating voltage range of +2.0 V 
to +4.5 V. About one-hour open drcuit state was provided at each switching between 
charging and discharging. 

The charge/discharge characteristics in the first cycle at a current density of 0.127 
mA/cm2 are shown in FIG. 2. The initial discharge capacity was 132 mAh/g. The 
charge/discharge characteristic ciuve was not flat imlike that of a battery using an 
oHvine-type hthium iron (H) phosphate (LAFePOd known as a cathode material for a 
secondaiy battery. 

The charge/discharge cyde characteristics at the same current density are shown in 
FIG. 3. The discharge capacity decreased as the number of cyde increased, and the 
lowest value was about 90 mAh/g. 

The charge/discharge characteristics in the first to third cydes at a current density of 
0.5 mA/cm2 is shown in FIG. 4. The initial discharge capadty was 112 mAh/g. The 
capadty gradually decreased during the three cydes, and the lowest value was about 
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78 mAhJg. 

When the cathode materials caldned at 550'*C, 650°C and 775°C, respectively, were 
compared, the cathode material calcined at 650°C showed the highest discharge 
capacity. 

Example 2 

Preparation of cathode material 

A cathode material (F ePOd was synthesized by the following procedure. 

An ingredient mixture of 3 g of iron powder (product of Wako Pure Chemical 
Industries, Ltd.; under 150 jun, purity ^ 85% or hi^er), 6.1794g of ammoniimi 
dihydrogenphosphate product of Wako Piure Chemical Industries, Ltd) and 50 cc of 
water were mixed and grovmd in a baU mill (at a rotational speed of 200 rpm) for one 
day, and the reaction mixture was dried at lOO'^C for one day to obtain a calcination 
precursor. After pidverization, the calcination precursor was placed in an alimiina 
crucible and calcined at 650^C under the presence of air for one day. A cathode 
material obtained as described above was identified as sin^e-phase ferric phosphate 
(FeFOd having a trigonal crystal structure with point group P321 based on the result of 
X-ray difGraction analysis shown in PIG. 5. Difl&raction peaks ascribable to impurities 
were not observed. 

Example 3 

Preparation of cathode material 

A cathode material (FeP04) was synthesized by the following procedure. 

An ingredient mixture of 11 g of iron powder (product of Wako Pvire Chemical 
Industries, Ltd.; under 150 pm, purity^ 85% or higher), 13.979g of phosphorous 
pentoxide (product of Wako Pure Chemical Industries, Ltd.) and 200 cc of water were 
mixed and groimd in a ball miU (at a rotational speed of 200 rpm) for one day, and the 
reaction mixture was dried at lOO'^C for one day to obtain a calculation precursor. 
After pulverization, the calcination precursor was placed in an aliunina crucible and 
calcined at 650°C imder the presence of air for one day. A cathode material obtained 
as described above was identified as single-phase ferric phosphate (FePO^) having a 
trigonal crystal structure with point group P32i based on the result of X-ray diffiraction 
analysis shown in FIG. 6. Diffiraction peaks ascribable to impurities were not 
observed. 

Example 4 

Preparation of cathode material 

A cathode material (F ePOd was synthesized by the following procedure. 
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200 ml of pure water was added to a stoichiometric mixture of iron powder, 11.169 g 
(product of Wako Pure Chemical Industries, Ltd; under 150 ^m, purity- 85% or higher) 
and phosphorous pentoxide, 14.483 g (product of Wako Pure Chemical Industries, Ltd.), 
and the resulting mixture was mixed and ground in a planetary ball m ill at a 
rotational speed of 200 rpm for one day. The content was dried, and then divided into 
portions, which were calcined at 100°C, 200°C, 350''C, 500^C and 650°C, respectively, in 
atmosphere for 12 hoiu-s. Each of the obtained cathode materials was pulverized in 
an agate mortar. Then, each cathode material was formed into a cathode, and a 
coin-type lithiimi secondary battery was fabricated using a metal lithium anode in the 
same manner as in Example 1. 

The restdts of X-ray dififraction analysis of the synthesized cathode materials are 
shown in FIG. 7. As is dear from FIG. 7, the samples calcined at a temperature 
between 100°C and lower than SOO^'C had an amorphous structure with no diffraction 
peaks, and the sample calcined at 500°C was mostly amorphous but slightly 
crystallized into a trigonal crystal structure with point group P321. On the other hand, 
the sample calcined at 650'*C, the same calcination temperature as in Example 3, had a 
crystal structure with point group P321. 

The charge/discharge characteristics in the first cycle of the coin-type lithium 
secondary batteries using the cathode materials are shown in FIG. 8. The batteries 
were alternately charged and discharged between 2 and 4V at a temperature of 25''C 
and a current density per apparent area of 0.2 mA/cm^. Almost no difference in 
charge/discharge profile was observed between the amorphous and crystalline samples, 
and their discharge voltage profiles were apparently different from the flat profile 
which lithixun iron phosphate having an olivine-type crystal structure (orthorhombic 
Pnma) showed, in which both oxidized and reduced forms coexist dtmng charging and 
discharging reactions, and showed monotonously decreasiag curves which are seen in 
the case of homogeneous phase reaction. 

In this example, when the charge/discharge characteristics were measured on the 
samples S5mthesized fix)m inexpensive starting materials of iron powder and 
phosphorous pentoxide at synthesis temperatures between 100 to GSO^'C, the samples 
calcined at temperatures of 350°C or higher showed a maximum capacity of 1 15 mAh/g 
(see FIG. 8), which largely exceeds the capacity of 40 mAh/g shown in the conventional 
report (cited before). Also, it should be noted that the cathode material obtained by 
calcination at a very low temperature of 100°C showed a discharge capacity higher 
than 100 mAh/g. 
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Further, the results of X-ray diflfraction analysis of the cathode materials taken out 
of the coin-type Kthium batteries after discharging were much the same as those 
immediately after production (the results are not shown), which indicates that the 
charge and discharge did not cause formation of a new phase. This indicates that the 
cathode materials obtained in this example were all stable during chai^ and 
discharge. 

When TG (thermogravimetry) of the cathode materials was conducted, weight loss 
by thermal dehydration was hardly observed for the cathode materials calcined at 
temperatures of 200°C or hi^er. However, according to the result of Fourier in&ared 
absorption spectrophotometry, the absorption of the O H O deformation mode at 1600 
cm*i attributed to the existence of crystal water completely disappeared only in the 
crystalline sample calcined at 650''C. To keep the performance of a lithium battery 
stably over a long period of time, it is preferred that no water exist in the battery. 
Thus, fix)m the point of view of the long-term performance, calcination at 650*^0 is 
considered to be advantageous. 

Example 5 

Acetylene black (product of Denki Kagaku Kogyo K.K, 50% pressed product) was 
added to tiie cathode material FeP04 calcined at 650''C and having a crystal structure 
with point group P321 that was synthesized in Example 4 in an amount of 25% by 
weight based on the total weight of the mixture. The mixture was ground and mixed 
in a planetary ball miU at 200 rpm for one day to obtain a cathode material including 
cathode material particles coated with acetylene black (which will be hereinafl:er 
referred to as "carbon composite cathode material''). Then, the cathode material was 
formed into a cathode, and a coin type Uthiimi secondary battery was fabricated using 
a metal Hthiiun anode in the same manner as in Example 1. 

A charge and discharge test was conducted on the coin type secondary lithium 
battery. The result is shown in FIG. 9. The batteries were alternately charged and 
discharged between 2.6 and 4V at a temperature of 25''C and a current density per 
apparent area of 0.2 mA/cm^. In FIG. 9, the result of the test conducted on a cathode 
material calcined at 650''C but not combined with carbon (which was alternately 
charged and discharged between 2.0 and 4V) is also shown. 

FIG. 9 indicate that when combined with carbon, the FeP04 cathode material had 
significantiy improved discharge capacity as compared with a cathode material not 
combined with carbon and showed as high a value as about 130 mAh/g. This is 
considered to be because the combination with carbon improves the surface 
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conductivity of the FeP04 cathode material as a cathode active material and 
significantly enhances the utilization ratio of the positive active material. This 
indicates that the combination with carbon is eflfective to improve the performance of a 
lithium battery using FeP04 as a cathode active material. 
Example 6 

Preparation of cathode material 

A cathode material (FePOd was synthesized by the following procedure. 

200 ml of pure water was added to a stoichiometric mixture of iron powder, 11. 169 g 
(product of Wako Pure Chemical Industries, Ltd.; xmder 150 purity^ 85% or hi^er) 
and phosphorous pentoxidie, 14.483 g product of Wako Ptu-e Chemical Industries, Ltd.), 
and the resulting mixture was charged in a glass Erlenmeyer flask equq)ped with a 
water-cooled condenser and refluxed with a hot stirrer at lOO^'C for three days (this 
method in this Example will be hereinafter referred to as "reflux method"). The 
reaction mixture was taken out and dried, and then calcined in atmosphere at 650°C 
for 24 hours. The obtained cathode materials was pulverized in an agate mortar. 
Then, the cathode material was formed into a cathode, and a coin-type lithium 
secondary battery was £sibricated using a metal litfaiimi anode in the same manner as 
in Example 1. 

The result of X ray difl5^ction analysis of the synthesized cathode material is shown 
in FIG. 10. FIG. 10 indicates that it is possible to obtain FeP04 having a crystal 
structure with point group P321 by a reflux method as in the case with the sample of 
Example 4 obtained by grinding and reacting the ingredients in a planetary bafl mill 
and calcining the reaction mixture at 650°C. 

A charge and discharge test was conducted on the coin-type Kthiimi secondary 
battery using the cathode material imder the same conditions as in Example 4, a 
discharge voltage profile similar to that of the sample calcined at 650°C shown in the 
top box in FIG. 8 and a discharge capadty^ of 115 mAhyg were obtained GUustration of 
the measurement result is omitted). 

This indicates that a calcination precursor equivalent to the one obtained by 
grinding, dissolving and reacting the ingredients in a planetary baU mill or the like can 
be synthesized by a reflux method, and that a high-performance cathode material can 
be obtained by caldning the calcination precursor. 

Industrial ^pHcabflity 
According to the method of the present invention, ferric phosphate (FePOj as a 



15 



F-2023PCT 



cathode material for a secondary battery can be produced reliably and easily. The 
cathode material produced by the method of the present invention is suitably used as a 
cathode material for a metal Hthiimi battery, for example. 



